Background Vitamin D deficiency is common in patients with inflammatory bowel diseases. The vitamin D receptor (VDR) is a nuclear hormone receptor mediating the activity of vitamin D hormone. Our previous studies showed that intestinal epithelial VDR signaling inhibits colitis by protecting the mucosal epithelial barrier, and this activity is independent of non-epithelial immune VDR actions. Interleukin (IL)-10-deficient mouse is a chronic colitis model that develops colitis due to aberrant immune responses. Here we used IL-10 null (IL-10KO) model to assess the anti-colitic activity of epithelial VDR in the setting of an aberrant immune system. Methods We crossed IL-10KO mice with villin promoterdriven human (h) VDR transgenic (Tg) mice to generate IL-10KO mice that carry the hVDR transgene in intestinal epithelial cells (IL-10KO/Tg). IL-10KO and IL-10KO/Tg littermates were studied in parallel and followed for up to 25 weeks.
Introduction
The mucosal barrier of the intestine plays an essential role in preventing mucosal inflammation because it separates luminal bacteria, toxins, and antigens from the body.
Dysfunctional mucosal barrier or increased mucosal barrier permeability has been associated with inflammatory bowel diseases (IBD) in humans and in experimental colitis models [1] [2] [3] . Intestinal epithelial cells (IECs) are key components of the barrier that express a high level of vitamin D receptor, a nuclear hormone receptor that mediates the biological activity of the vitamin D hormone, 1,25-dihydroxyvitamin D [4] . Epidemiological studies have established that vitamin D deficiency is common in patients with IBD that is associated with increased risk of IBD [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , whereas high vitamin D intake lowers the risk of IBD [15] .
We recently reported that colonic epithelial VDR levels are markedly reduced in patients with IBD [16] . VDR downregulation is mainly caused by mucosal inflammation that is mediated by mircoRNA-346 [17] . Global genetic deletion of VDR in mice resulted in severe colitis and high mortality in experimental colitis models [18] . We also showed that transgenic mice that carry a villin promoter-driven FLAGtagged human (h) VDR transgene were highly resistant to experimental colitis, and this epithelial hVDR transgene was able to rescue the global VDR-null mice from developing severe colitis and death [16] . Together, our studies demonstrated that the VDR signaling in IECs prevents mucosal inflammation and inhibits colitis by protecting the integrity of the mucosal barrier, and this anti-colitic activity of the epithelial VDR appears to be independent of the VDR activity from the non-epithelial immune cells [16] .
Interleukin (IL)-10-null mice spontaneously develop chronic intestinal inflammation due to aberrant immune response [19, 20] , and this model is widely used in colitis research. Previous studies showed that vitamin D deficiency exacerbated colitis, whereas dietary vitamin D supplementation ameliorated colitis in this IL-10 knockout (KO) model [21] . IL-10KO mice that also carry VDR deletion (i.e., IL-10/VDR double knockout mice) developed more severe colitis compared with IL-10KO mice [22] ; however, because VDR deletion is global, it is unclear how the VDR signaling affected colitis development in this double knockout model. We reasoned that, if gut epithelial VDR prevents mucosal inflammation as a primary defense mechanism that is independent of the nonepithelial immune VDR actions, then VDR over-expression in the IECs should be able to inhibit mucosal inflammation caused by an aberrant immune system. In this study, we used the IL-10KO model to test this hypothesis.
Materials and Methods

Animals
Villin promoter-driven FLAG-tagged hVDR transgenic (Tg) mice have been described previously [16] . IL-10KO mice were obtained from Jackson Laboratory (Stock # 002251). IL-10KO mice that expressed the FLAG-hVDR transgene (designated as IL-10KO/Tg) were obtained from crossing IL-10KO and villin-hVDR-Tg mice. IL-10KO and IL-10KO/Tg mice were studied in parallel and followed for up to 25 weeks. Development of prolapse was recorded. The intestine was harvested at 1, 3, and 6 months of age. Colonic mucosal lysates and total RNAs were prepared. Colons were subjected to histological and immunohistological analyses. All animal studies were approved by the Institutional Animal Care and Use Committee at The University of Chicago.
Histology and Immunostaining
Freshly harvested colons were fixed in 10 % formalin overnight and processed as described previously [16] . Colonic histology was examined by hematoxylin and eosin staining. Histological scores were recorded based on a previously described scoring system [16] . To assess T cell infiltration, colon sections were stained with anti-CD4 antibodies (BD Biosciences), followed by FITC-conjugated secondary anti-IgG antibodies. Staining was visualized under a fluorescent microscope (Olympus).
RT-PCR
Mucosal total RNAs were extracted using TRIzol reagents (Life Technologies). First-strand cDNAs were synthesized using a ThermoScript RT kit (Life Technologies). Mucosal cytokine transcripts were quantified by real-time RT-PCR in a Roche 480 Real-Time PCR System, using SensiFAST SYBR No-Rox kits (Bioline). The amount of transcripts were calculated using the 2 -DDCt formula, normalized to the endogenous GAPDH levels. PCR primers were as described previously [16, 17] .
Western Blot
Mucosal lysates were dissolved in Laemmli sample buffer for Western blotting analysis. Proteins were separated by SDS-PAGE and electroblotted onto Immobilon-P membranes. The membranes were incubated with primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. Antigens were visualized using a chemiluminescence kit (Thermo Scientific) as described [16] . The primary antibodies against the following proteins were used: VDR, FLAG (Santa Cruz Biotechnology), PUMA (Abcam), caspase 3 and p53 (Cell Signaling), and b-actin (Sigma-Aldrich). The relative amount of proteins were quantified using the gel analysis software UNSCAN-IT Gel version 5.3 (Silk Scientific, Orem, UT).
Myeloperoxidase (MPO) Activity
Mucosal lysate MPO activity was measured according to the method previously published [23] .
Statistical Analysis
Data values were presented as mean ± SD. Statistical comparisons were carried out using unpaired two-tailed Student's t test or one-way ANOVA as appropriate, with P \ 0.05 being considered statistically significant.
Results
We identified IL-10KO/Tg mice by genomic DNA genotyping and confirmed their genotype by Western blot analysis of colonic mucosal lysates, using antibodies against FLAG and VDR (Fig. 1a) . As expected, both FLAG-tagged hVDR and endogenous VDR were detected in IL-10KO/Tg mice, but the FLAG-hVDR transgene was not detectable in either wild-type or IL-10KO mice. Interestingly, the endogenous intestinal mucosal VDR level in the IL-10KO mice (at three months of age) was markedly reduced compared with wild-type mice. In fact, we found that mucosal VDR levels were also downregulated in IL-10KO mice at two months of age, but the reduction was less dramatic than that seen in 3-month old IL-10KO mice (data not shown). Mucosal inflammation increases in IL-10KO mice with age. So these observations are consistent with our previous speculation that inflammation suppresses mucosal epithelial VDR expression [16] . In fact, we confirmed recently that intestinal epithelial VDR is down-regulated by TNF-a by a microRNA-mediated mechanism [17] . IL-10KO mice developed prolapse with aging (Fig. 1b) . Within 25 weeks, accumulatively 79 % of IL-10KO mice developed prolapse, whereas only 40 % IL-10KO/Tg mice did so (P \ 0.001) (Fig. 1c) . Morphologically, the large intestine of IL-10KO/Tg mice appeared longer than that of IL-10KO mice at 3 months of age (Fig. 2a) . Histological examinations showed marked crypt hyperplasia (Fig. 2b) and massive immune cell infiltration in the lamina propria in the colon of IL-10KO mice (Fig. 2b) , and immunostaining confirmed dramatic infiltration of CD4
? T lymphocytes in both the proximal and distal colons of IL-10KO mice (Fig. 2c) . These colonic abnormalities, however, were markedly ameliorated in IL-10KO/Tg mice (Fig. 2b, c) .
We further quantified the colonic damage and colonic inflammation. The histological score of the IL-10KO/Tg colon was substantially and significantly reduced compared with IL-10KO mice at 6 months of age (Fig. 3a) . Mucosal myeloperoxidase (MPO) activity, which measures neutrophil presence in the lamina propria, was significantly lower in IL-10KO/Tg mice relative to IL-10KO littermates at 1, 3, and 6 months of age (Fig. 3b) . Moreover, the transcript levels of mucosal pro-inflammatory cytokines and chemokines, including TNF-a, IL-6, IL-1b, IL-17, IL-18, INF-c, and MIP2, were also significantly attenuated in IL-10KO/Tg mice at 6 months compared with IL-10KO counterparts (Fig. 3c) . These data demonstrated that IL-10KO/Tg mice were much less inflamed in the colon.
Our previous studies showed that gut epithelial VDR signaling protects the mucosal barrier integrity by inhibiting IEC apoptosis in the 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis model, as the epithelial VDR action targets PUMA [16] , a key pro-apoptotic regulator of IEC apoptosis [24] . Here we found that, similar to our early observation in the TNBS model, mucosal PUMA expression was significantly suppressed in IL-10KO/Tg mice compared with IL-10KO mice (Fig. 4a, b) , whereas mucosal p53 expression was not significantly different between these two genotypes (Fig. 4c, e) . Consistently, mucosal caspase 3 activation was markedly suppressed in IL-10KO/Tg mice compared with IL-10KO mice (Fig. 4c,  d ). These observations suggest that transgenic VDR expression in IECs of IL-10KO mice inhibits PUMA-mediated IEC apoptosis, thus protecting the mucosal barrier. 
Discussion
The intestine, especially the colon, contains an enormous amount of commensal bacteria that can cause colonic inflammation if the intestinal homeostasis is disrupted. IL-10 is a key anti-inflammatory cytokine that plays an essential role in the maintenance of this hemostasis. It has been shown that IL-10 targets both the innate and adaptive immune cells in the colon, including macrophages, Treg cells, and IL-17
? CD4 ? T cells, to suppress immune response [25] [26] [27] . Therefore, IL-10-deficiency causes Th1 cell-mediated intestinal inflammation that leads to the development of colitis in mice and humans [19, 20, 28, 29] . Notably, the presence of commensal bacteria is required for the development of colitis in IL-10-null mice [30] , suggesting the importance of the mucosal barrier in the control of mucosal inflammation caused by aberrant immune responses.
In this study, we studied the effects of epithelial VDR actions on mucosal inflammation caused by IL-10-deficiency. Our rationale is that, if VDR overexpression in the IECs is able to strengthen the mucosal barrier as we have reported recently [16] , then the hVDR transgene should be able to attenuate the severity of colitis caused by an impaired immune system. Indeed, we showed that when the hVDR transgene is targeted to the IECs in IL-10KO mice, the prolapse incident and mucosal inflammation were markedly reduced compared with the parental IL-10KO mice. Consequently, crypt hyperplasia, immune cell infiltration, and production of pro-inflammatory cytokines and chemokines in the colon were also attenuated in IL-10KO/ Tg mice. Although here we have only quantified the mRNA transcripts of these cytokines, it is highly likely that the transcript levels reflect the protein levels of these cytokines. We also observed that apoptotic pathways induced by inflammation, including the induction of PUMA, a key pro-apoptotic regulator in colonic epithelial cells [24] , and caspase 3 activation, were blocked in the colon of IL-10KO/Tg mice, which is consistent with our previous conclusion that epithelial VDR signaling inhibits colonocyte apoptosis by targeting the NF-jB-PUMA pathway [16] . Indeed, the epithelial originality of the PUMA proapoptotic pathway in the promotion of intestinal epithelial cell apoptosis has been well established [24] . Together, these data confirm that the epithelial VDR plays a key role in protecting the mucosal barrier from inflammation-inflicted injury. When the mucosal barrier is strengthened by VDR overexpression in the IECs [16] , it can more effectively prevent the invasion of luminal commensal bacteria and antigens, thus reducing mucosal inflammation regardless of the status of the immune system. In other words, as the robust mucosal inflammation occurring in IL-10 null ? cell infiltration in the lamina propria in IL-10KO colon Fig. 3 The hVDR transgene reduces colonic inflammation. a Semiquantitative histological scores of IL-10KO and IL-10KO/Tg mice. ***P \ 0.001 versus IL-10KO, n = 5-6. b Colonic mucosal myeloperoxidase (MPO) activity in IL-10KO and IL-10KO/Tg mice at 1, 3, and 6 months of age. *P \ 0.05, **P \ 0.01 versus IL-10KO at the same age, n = 5-7. c Realtime RT-PCR quantitation of pro-inflammatory cytokines and chemokines in colonic mucosa from IL-10KO and IL-10KO/Tg mice at 6 months of age. *P \ 0.05, **P \ 0.01, ***P \ 0.001 between IL-10KO and IL-10KO/Tg; n = 6 mice requires commensal bacterial invasion, epithelial VDR signaling attenuates mucosal inflammation by strengthening the mucosal barrier, thus reducing the chance of bacterial interaction with the IL-10-null hyperactive immune system. In our previous studies, we already used a number of experimental models to demonstrate an inhibitory role of epithelial VDR signaling in the pathogenesis of colitis. These are colitis models induced by dextran sulfate sodium (SDS), TNBS, or adoptive T cell transfer [16] . In the DSS model, DSS damages the mucosal epithelium and colitis occurs as a result of the disruption of the mucosal epithelial barrier. This model is thought to resemble ulcerative colitis in humans [31] . In the TNBS model, TNBS can haptenize colonic autologous or microbial proteins, rendering them immunogenic to the host immune system and thus triggering T cell-mediated colonic inflammation [32] . The TNBS model is believed to resemble Crohn's disease in humans. The adoptive T cell transfer model is a chronic colitis model created by a transfer of CD4
? CD45RB high T cells into a Rag(-/-) background. In this model, colitis is induced as a result of a disruption of T cell homeostasis [33] . Here, in the present study, we used IL-10-deficient model, which is very different from the three models we used previously. This model develops widespread colitis spontaneously with age because of an ill-regulated immune system caused by IL-10 deficiency. Although defects in mucosal barrier permeability are detected in IL-10-deficient mice before the histological injury develops, this barrier problem is not originated from epithelial cells, but from a dysregulated immune system [34] . Therefore, in IL-10-deficient mice, colitis is not directly caused by a defect in the mucosal epithelial barrier, where the hVDR transgene is expressed, which further underscores the importance of the epithelial VDR signaling in the inhibition of colitis. This work, together with our previous studies outlined above [16] , provides compelling evidence for a critical mucosal barrier-protecting role of intestinal epithelial VDR. The presence of VDR in gut epithelial cells is essential for maintaining the integrity of the mucosal barrier.
Together, our studies reveal a mechanism whereby mucosal inflammation is reduced by epithelial VDR signaling. They suggest that VDR could be a target in the therapy of inflammatory bowel diseases. By raising epithelial VDR levels, either through vitamin D therapy or anti-TNF therapy, the mucosal epithelial barrier can be strengthened. However, given the wide expression of VDR in virtually all cells within the colon, VDR actions to inhibit mucosal inflammation may not limit to barrier protection. For example, VDR signaling may control the profiles and diversity of the microbiota or influence the interaction between commensal bacteria and intestinal epithelial cells by regulating antimicrobial peptide production [35, 36] . VDR signaling may also directly regulate the innate and adaptive immune systems, as vitamin D hormone as an immune modulatory agent has been well established [37, 38] . Therefore, how VDR signaling influences the microbiota and controls the immune system in the context of mucosal inflammation warrants further investigation.
